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P€ELIMINBRY EVALUATION OF Hi-Cal-3, KEF-2, AND A SOLUTION OF -E - 
JP-4 FUEL IN A 1/4 SECTOR OF AN ANNlTLAR TURBOJET COMBUSTQR* 

By W. B. KkMman and R. Breitwieser 

A brief combustion study of three  boron-containing fue l s  was made 
i n  a 1/4 sector of an annular  turbojet  codustor. The three  fuels were 
Hi-Cal-3, HEF-2 (primarily propylpentaborane), and a solution of 63 
percent by weight  pentaborane in  JP-4 fuel. The combust ion efficiencies 
of the three fue l s  were between 90 and 95 percent. A photographic corn- 
parison Of deposits i n  the combustor is presented. , 

* 
INTROIXETION 

" 
As part of a program directed towazd using boron-containing f u e l s  

in   a i rcraf t   parerplants ,  new boron compounds m e  being produced. Some 
of these campounds axe not completely acceptable as aircraf t   fuels ,   but  
may be of use i n  experimental combustor and engine development  work. A t  
the  request of the Bureau of' Aeronautics, Department of the Navy, three 
such fuels were t e s t ed   i n  a 1/4 sector of an annular  turbojet couibustor. 
The results of these tests me presented i n  this report.  Specifically, 
Hi-Cal-3, HEF-2, and 63 weight percent  pentaborane in solution with JP-4 
f u e l  were tes ted   in  a combustor i n i t i a l l y  developed f o r  pentaborane f u e l  
(ref.  1) . This combustor was used  because it performed reasonably w e l l  
wtth  fuels having greatly  different combustion properties, such as 
pentaborane  and JP-5 fuel. The conditions  selected for these tests w e r e  
the same as those used for  evaluation of pentaborane i n  reference 1. 
The combustor conditions  eimulated  an  altitude of 50,OOO feet and a Mach 
n u h e r  of 0.8 for  a turbojet engine with a compression r a t io  of 5.2. Com- 
bustion  efficiency and the amount of deposit  in  the combustor  were deter- 
mined. The deposits l& i n  the combustor were photographed and weighed. 
O n l y  single   tes ts  (4 min) of' each fuel were conducted and no al terat ion 
to   the  combustor o r  f u e l  injector was possible because of the limfted 
fuel  supplies. 

*Title,  Unclassified 
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APPARATUS 

Combustor Instal la t ion 

NclcA RM E56J16s 

The combustion air passed through a heat exchanger and a metering 
or i f ice   in to  the tes t   ins ta l la t ion  ( f ig .  1). The products of combustion 
discharged  into an  exhaust system. 

The combustor sham i n  figure 2 is a 1/4-sector of an annular com- 
bustor  designed t o  f i t  the housing diameter and turbine  nozzle  annulus 
of a J47 turbojet  engine. The general shape of the  cmfiguration i s  
similar t o  the combustor developed in  reference 1. The number of s lo t s  
was changed and additional mixing holes were added. The distribution of 
the open area l i s t e d  below w a a  similar t o  the reference combustor. 

Combustor par t  Physical 
(flow coefficient area, 
Corrected flow area 

sq in. assumed), 
percent 

Dome 

3.7 3.4 Holes between mixing s lo ts  
17.6 11.7 Slots- on inner surface 
17.6 11.7 Slots on outer  surface 
14.8 13.1 Louvers on inner  surface 
20.3 17.9 Louvers on outer  surface 
26 .O 17.2 

Fuel Nozzles 

The cross  section of one of the   fuel  nozzles is shown i n  figure 3. 
The nozzle mixes fuel and air i n   t h e   t i p  of the nozzle and atomizes the 
fue l  by discharging it through six ports. The ports are inclined at an 
angle of 35' from the  centerline of the nozzle body. The centerline of 
the  nozzle is normal t o  the  direction of  flow  through the conbustor eys- 
tern. Two sets of f ive  nozzles  are  used i n  the 1/4-sector combustor. 
The test f u e l s  were injected through one set of fue l  nozzles. The JP-4 
(or gasoline)  fuel w a s  introduced through the other set. The f u e l  nozzles 
were arranged so that test  fbel and JP-4 were introduced  alternately 
around the combustor. 

Fuel System 

rp 

The f u e l  and  atomizing-air systems are shorn schematically i n   f i g -  
ure 4. JP fue l  was used t o  flush the t e s t  fuel l ines  and  nozzles imedi- 
ately  before and after the combustion tests. 

W 
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FUELS 

A brief list of fuel  properties i s  presented. 

Fuel Boron, 
percent 

b Y  
=i@;ht 

&at of 
combus - 
t ion,  
Btu/lb 

63 Percent  penta- 
borane, 37 per- 
cent Jp-4  f u e l  
in  solution by 
wedght 6.87 

N 
N 
m 
d( 

54.0 31.7 1 14.3 25,210 
Em?-2 
(propyl-pentaborane) 48.3 24,300 6.37 

Hi-Cal-3 51.8 22,863 7.25 

%sed on heat of combustion. 

c C-ION " H O D S  

Combustion e f f i ckncy  us6 determined from the r a t i o  of enthalpy rise 
across  the combrSstor t o  the enthalpy r ise   avai lable  from the fuel. 

where 

houtlet enthalpy of (l+f/a) lb of combustion products at combustor 
out le t  temperature (based on B-C-H r a t i o  of the fue l )  

bidet enthalpy of 1 lb of inlet air at inlet-air temperature 

(\),, heating value of the f u e l  

The reference  temperatures at the outlet  and inlet were based on the 
arithmetic  average of the  individual thermocouples. I n  these t e s t s   t he  
combustor-outlet thermocouples were located 6 inches farther downstream 
than  in  reference 1. The additional  length improved the temperature dis- 
t r ibut ion and, as a consequence, improved the reliabil i ty of the axithme- 
t i c  average of t h e  ou t l e t  temperatures. 
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INSTRUMENTATION 

NACA RM E56Jl6a 

The instrument stations  are shown in  f igure 1. The arrangement of 
thermocouples and total-pressure probes is shown i n  figure 5. Tempera- 
tures were measured by bare-wire  thermocouples. Fuel flow w a s  measured 
by a rotating vane flowmeter. Fuel floWrates were a lso  checked by 
dividing t he   t o t a l   fue l  used by the test time. Carre waB taken t o  keep 
fuel  constant during the test. 

PROCEDURE 

The 1/4-sector  tests w e r e  conducted at the following conditions: 

Combustor-inlet velocity,  ft/sec . . . . . . . . . . . . . . . . . .  70 
Combustor-inlet  pressure, ir,. Hg abs . . . . . . . . . . . . . . .  32.3 
Combustor-Inlet temperature, ?I? . . . . . . . . . . . . . . . . . .  368 
Combustor-outlet  temperature, ?I? . . . . . . . . . . . . . . . .  144Q40 
Air flow,  lb/sec . . . . . . . . . . . . . . . . . . . . . . . . . .  4.5 

The combustor was brought to  test   conditions by using a starting 
fuel (usually Jp-4) i n  5 of the 10 nozzles. A s m a l l  amount of Jp-4 f u e l  
W&B then flushed through the remaining f ive nozzles, quickly followed by 
the  boron-containing t e s t   fue l .  The combustor was operated on the test 
fuel at constant  conditions f o r  about 4 minutes. Data were taken at 1- - 
minute intervals. The combustor was shut down irnmediately after  using 
the test fuel .  The deposits i n  the combustor  were then photographed and 
weighed. 
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The resu l t s  of the three   fue l   t es t s  -e given in   the following table,  
which also includes results with two reference  fuels, Jp-4 and  gasoline. 
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cu 
M 
cu 
dc 

Test 

1 

2 
3 
4 
5 

Pentaborane- 
Jp-4 fue l  
solution 

"2 
H i - C a l - 3  
JP-4 
Gasoline 

out l e t  

ciency , 
percent 

1481 90 to 9f 

1440 

1415 
90 1415 
93 1389 
90 

9 1  

Amount 
of 
f u e l  
used, 
Ib 

14.3 

15.8 
15.6 

F time, 

3.9 

4.4 
4.7 
" 

-" 

Deposit 
rat io  

0.00103 

.00262 

.0165 

Remarks 

1 
Apparent e f f i -  . 
ciency  increase 
during test 

Reference test 
Reference test 

a Deposit r a t io ,  Weight of deposits formed i n  combustor 
Weight of boric  oxide  potent idly formed by conibustion 

The combustion efficiency for all of the fue l s  tes ted can  be considered 
t o  be essent ially the same. 

Photographs of the cornbustors aflter t e s t s  of the  boron-containing 
fuels are  shown i n  figures 6, 7, and 8. These photographs in   e f f ec t  
re i te ra te  the deposit r a t i o  s h m  in  the preceding table. The amount of 
boric  oxide that was formed i n  the combustion of each f u e l  sample (assum- 
ing 100-percent  cmbustioa  efficiency) was 24.6 pounds f r m  HET-2, 26.2 
pounds frm HI-k1-3, and 24.9 pounds f r m   t h e  pentaborane - Jp-4 f u e l  
solution. O f  this potential  deposit in the cof iu tors ,  only 0.022 pound 
was l e f t   i n  the combustor when the pentaborane - JP-4 solution was used. 
About 2* times this amount was left when HEF-2 was tested, and  16 times 
that  of the  pentabrane - JP-4 solution when Hi-Cal-.3 was tested. 

The weight of deposits adhering t o  the side plates ,   v is ible   in   f ig-  
ures 6(b) and 8(b), was not  included in   t he  measurements. The side plates 
used t o  form the  1/4-sector are not  present  in a fu l l  annular combustor. 
They axe simple p h t e s ,  not louvered like the inner and outer  surfaces 
of the combustor. Figure 6(b) in   par t icu laz   i l lus t ra tes   the  large dif- 
ference  in the amount of deposit adhering t o  an untreated wall in com- 
parison t o  an air-f ilmed (highly louvered)  surface. 

Some of the  clinkers formed in   these  tes ts  may have been due to 
sporadic!, o r  "off-design'*  operation of the fuel nozzles. For exanrple, 
the type of clinker  attached to the thermocouple rake i n  figure 7 (c) is  
usually  associated w i t h  poor  performance of a fuel nozzle. 
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The heavy deposits that resulted  in  the test of Hi-Cal-3 may have 
been caused by a similar "off-design"  operation of 83-1 the  fuel  nozzles. 
The f u e l  nozzles  used i n  these tests were developed fo r  me with penta- 
borane.  Pentaborane has a  very low viscosity (about 0.5 centistoke) and 
is very volat i le .  The viscosity of the I l i - C a l - 3  at 77O F is  about 14 
centistokes. The high viscosity and l o w  vo la t i l i t y  of HI-Cal-3 could 
easily alter the f u e l  spray  chaxacteristics 60 that depasrlts would form 
rapidly. 

Not enough H i - C a l  f u e l  was avai lable   to  conduct a fuel nozzle de- w 
velopment study. The general  course of action used t o  improve fuel  sprays h3 

of viscous  fuels is : (1) heat the f u e l  t o  reduce  viscosity, (2) use 
higher fuel pressures, (3) increase  the number and  decrease  the  size of 
injection  points, and (4) i n  the case of sir-atomizing nozzles, increase 
the amount of atomizing air. O f  course,  other methods  of improving the 
spray  exist  but,  in  general, the f u e l  m u s t  be very stable thermally and 
be f r ee  of entrained solids in order t o  apply techniques t o  improve the 
fue l  spray. In  short, a fue l  as viscous as H i - C d - 3  could probably be 
burned t o  give less deposit i n   t h e  combustor  by  improved f u e l  ingectora, 
if a large amount of the   fue l  were available  for development work and i f  
the fuel were extremely clean and thermally stable. 

tP 
N 

The deposits  present i n  the t e s t s  of m - 2  and the pentaborane - Jp-4 n 

solution  appeared t o  be  acceptable f o r  m t e d  engine  testing. The &posit 
characterist ics for these fuels  could probably  be improved by more fue l  
injector wark also, although, on the basis of these short tests, much less 
ef for t  appears t o  be involved. 

I 

.. . 

Miscellaneous  Observations 

The fuel-handling  procedures  normally  used for  pentaborane were used 
with all the test fuels.  The only problems in fuel handling were  encoun- 
tered with Hi-Ca l -3 ,  f o r  which the f u e l  flowmeters gave erroneous readings. 
The rotating vane used as a flow-rate  indicator  progressively s h e d  up 
during  the test. It is suspected that some entrsined solids fouled  the 
bearings of the flowmeter. 

The odors in   the  exhaust  and the water  used in   the  exhaust sprays 
were much stronger when H i - C a l - 3  was tested  than when pentaborane m a  
used. The odor was similax t o  those  associated with the higher hydrides 
of boron. 

The results of these tests should  not be avergeneralized i n  view of 
the small quantity of fue l   t es ted .  
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The three fuels all burned with about the same combustion efficiency. 

The pentaborane - JP-4 fuel solution gave the least   deposits in the 
combustor. Simihrily,   there w e r e  very light deposits in the combustor 
with HEF-2.  HI-Cal-3 produced relatively heavy deposits  in  the 
combustor. 

Lewis Flight  Propulsion Laboratory 
National Advisory Committee fo r  Aeronautics 

Cleveland, Ohio, October 17, 1956 
'\ 
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Figure 3. - Fuel nozzle assembly. 
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(b) R s a r  view. 

ZZEP 



... . . . . . . . . . . , . . . 

t 

. .. 

4322 1 I 



... , 

I 

. t 
. .  

.. . ZZEt 
1 . .. . 



. . . . . . . 

1 I 

.. . . 



. . .  . . . .  . . .  

I 

r m 

I 

I 



. . . . . . . . . . - . . . . . . . . 

4322 . I 



. . .  

. . .  . . . . . . . . .  . . .  ..... 

N 
0 

9 

. .  . . . . .  

zzfv 
. .- . . . . . . .  . . . .  

1 

... 

. . . .  



I . "" 

. . . . .. . . 

, k 

. . . . . . . . . . . .  

, v 4.322 
. . .  . .. .. . . 

1 I. 

P e 

. . . . . . . 




